• Operation conditions for implementation of the Fenton process were re-evaluated • COD/H2O2, COD/Fe 2+ and H2O2/Fe 2+ ratios were optimized by physico-chemical studies • The effects of important parameters on TOC and color removal were investigated • A new operational table was produced on the basis of stoichiometric ratios • Time-dependant dosing of H2O2 helps to obtain higher efficiency levels
though the contaminants generated by chemical methods, such as clarification-type processes, are different, they are still present inside the chemical sludge [3] , whereas the contaminants can be fully avoided by using advanced treatment processes. The oxidation processes in particular aid in the complete elimination of these contaminants. The Fenton process has a special characteristic among the other oxidation processes. The difference of the Fenton process is that it generates • OH, which helps introduce the synergistic effect of peroxide, an oxidant, the iron catalysis [4] . This process is especially efficient for COD parameters that are difficult to reduce, when the BOD/COD ratio is low. When a Fenton process is applied to a COD parameter, which cannot be reduced by means 12 of other processes, high efficiencies can be obtained. The reason for this is that the oxidation capacity of hydroxyl radicals is higher than the other oxidants [4] . Based on this, one can conclude that the Fenton process can be used on a variety of wastewaters such as those produced by activities related to textiles [5] , leachates [6] , paints [7] , olive mills [8] , pharmaceuticals [9] , tanneries [10] and surfactants [11] . In addition, whenever the desired level of efficiency cannot be obtained by biological refinement, the Fenton process can also be used as a final treatment method to shift COD values to the desired levels [12] .
In spite of these advantageous characteristics, the Fenton process brings about a number of important economic problems [13] . The major reason behind this is that normally the peroxide dose and the amount of iron to be used cannot be finely adjusted. The addition of peroxide and iron in measurements that are less than needed causes low efficiency levels. On the other hand, excessive use of peroxide creates problems, not only because it requires reduction (reduction of excessive peroxide), but also it results in additional costs. Similarly, the addition of excessive iron also brings about extra costs and also results in extremely significant operational problems such as the sludge caused by too much iron. For these reasons, the selection of operational conditions for a Fenton process is of utmost importance in terms of a correct and efficient operation [4] .
The aim of this study was to avoid eventual redundant and excessive H2O2 and Fe 2+ additions, and hence to prevent the formation of redundant sludge and excessive peroxide, based on the stoichiometric ratios that should be ensured by selecting the appropriate operational conditions. In addition, a physicochemical study was carried out on a textile wastewater sample, by using less chemicals on the basis of stoichiometric ratios, and it was aimed to demonstrate that high reduction efficiencies can actually be obtained by using low amounts of chemicals.
MATERIALS AND METHODS

Selection of operational parameters
In this study, the effects of the operational conditions such as initial pH value, and COD/H2O2 and H2O2/Fe 2+ ratios on the Fenton process were investigated. Since the priority of this study was to define COD/H2O2 and H2O2/Fe 2+ , these parameters were investigated in more detail. After defining the optimum values, an optimization study was carried out on the basis of pH values. Finally, the effect of adding the initial peroxide by dosing on the results was analysed.
Also, a comparative analysis between the first 9 studies and the study-set between 29 and 38 will provide further insight regarding the effect of dosing the peroxide to add to the results.
Wastewater characteristics
Textile wastewater was selected as the study case. The textile wastewater samples were taken from the Akinal textile factory (Cevizlibag, Istanbul, Turkey) and kept at 4 C. The wastewater parameters were regularly measured during this study. The main characteristics of the textile wastewater samples used in the experiments are shown in Table 1 . . ) with a density of 1.11 kg/L was used in the oxidation process. In each oxidation test, 500 mL of textile wastewater sample was collected from the textile industry effluent. In the first step of Fenton's oxidation process, the pH of the textile wastewater was adjusted to the desired value by the addition of 1 M H2SO4 and 1 M NaOH. During the whole oxidation process, the pH of samples were also set at the desired value by adding these reagents (1 M H2SO4 and 1 M NaOH) gradually in addition to the pre-adjustment of the pH. The FeSO47H2O and H2O2 solutions were then added to the effluent sample and conducted for 5 min of rapid mixing at 120 rpm using a Jar Test Equipment (VELP Scientifica, FC6S). The effluent sample was then gently stirred at 10 rpm for 25 min. After the flocculation process, the sample transferred to a graduated settling column for 30 min of settling. 100 mL of supernatant sample was then collected for the further analyses (TOC and color) after the settling process. In order to prevent interferences in analytical measurements, the pH of collected supernatant sample was increased to about 6.0 by adding 6 M NaOH gradually to precipitate Fe 2+ in the form of Fe(OH)3. Finally, the MnO2 reagent was then added to remove the residual H2O2 from the collected supernatant [26] .
Analytical procedure
The pH of wastewater samples was measured by a pH meter (WTW series pH 720) and a pH probe (WTW, pH-Electrode Sentix 41). The color of wastewater samples was measured with a Hach Lange spectrofotometer (model: DR 5000) and determined as platinum-cobalt (Pt-Co) color unit according to method 120. Electrical conductivity was measured by using a multimeter instrument (Hach Lange HQ 40D). The total organic carbon (TOC) was measured by using a Hach Lange IL 550 TOC/TN analyzer. All other experimental analyses were performed by the procedures described in the Standard Methods of APHA [34] . These parameters were determined by the procedures described in method numbers of 5220 C (closed reflux, titrimetric method for COD) and 5210 B (5-day BOD test). The deionized water used in the experiments was supplied from a purification system (Meck Millipore Direct-Q 3, 5, 8 Ultrapure Water Systems). The analyses were carried out at least three times for each sample to assess method precision. Stability of the oxidation process and components of wastewater samples were monitored in the Environmental Engineering Laboratory at Yildiz Technical University in Istanbul, Turkey.
RESULTS AND DISCUSSION
Literature review on the Fenton's oxidation process
When the data reported in the relevant literature are investigated, it is seen that the doses selected both for peroxide and Fe 2+ parameters differ greatly from each other, even when they are proportional to the COD values. A variety of the most recent studies, selected among those available in the literature, are shown in Table 2 .
The cells in normal characters in Table 2 are those directly reported by the mentioned studies. The cells given in bold characters, on the other hand, were calculated based on the values reported in those studies, because each study reported a different ratio (H2O2/Fe Table 2 , the H2O2 values determined on the basis of COD are given in terms of concentrations. Similarly, Fe 2+ , which are determined based on the added H2O2 amount in terms of a mole ratio, are also reported in terms of concentrations. However, although it is more practical to report these values in terms of concentrations, this brings about an impor- 2+ ratios varied between 0.09 and 287. These intervals are quite high. Since adding less H2O2 than necessary brings about problems in terms of efficiency, and excessive H2O2 causes problems not only in efficiency but also in the reduction of excessive peroxide, these large intervals pose a great challenge in this oxidation process. For this reason, the ratio of COD to the amount of H2O2 used should be determined stoichiometrically [33] . Reactions occur smoothly by using 10% more than the stoichiometric ratios. More than this amount should not be used as this will cause excessive
• OH in water. The stoichiometric COD/H2O2 ratios to be used in the Fenton processes can be found in the literature [8] . Based on the stoichiometric ratio [8] , it can be stated that for 2.125 g of H2O2 (or 0.0625 mol H2O2), 1 g of COD (or 1 g O2 = 0.03125 mol O2) is needed with a ratio of about 0.471. Considering a 10% margin of safety, it was determined that the COD/H2O2 ratio should be equal to 0.428 or higher. This is due to the fact that it is important for economic reasons to evaluate this ratio in proportions such as 1:1, even 1:0.5 and 1:0.25, rather than 1:2.125, considering the synergistic effect. Therefore, it is quite plausible to use values ranging between 0.428 and 4.0 for the COD/H2O2 ratio. The COD/H2O2 ratios lower than 0.428 indicate use of excessive peroxide, which might result in significant problems from an engineering perspective.
Another important parameter is the H2O2/Fe 2+ ratios. When the effect of H2O2 ions is determined (in those studies where different doses of H2O2 are added), a single dose is specified and used for the Fe
2+
. However, while the specified Fe 2+ amounts are excessive for low doses of H2O2, it is generally insufficient for high doses of peroxide additions. Although the higher doses normally induce better results, this is not completely due to the oxidation effect of
• OH. The added Fe 2+ transform a part of the H2O2 into
• OH, while the oxidation effect of the remaining H2O2 plays an important role in the increase of efficiency. More Fe 2+ additions might help transform all H2O2 into • OH and therefore increase the oxidation capacity; however, it is not economically feasible to use the oxidation capacity of peroxide rather than forming more
• OH. For this reason, in order to obtain more correct results, the ratio of H2O2 to Fe 2+ should be kept constant, rather than fixing the H2O2 amount in Fe 2+ optimization or the Fe 2+ amount in H2O2 optimization. To this end, for the first peroxide optimization, a H2O2/ /Fe 2+ ratio, which is well-balanced in terms of its stoichiometric value and reported to be successful by the relevant literature, should be specified and iron dosing should be carried out based on this ratio. Then, the most suitable H2O2/Fe 2+ ratios should be defined by keeping the specified optimum H2O2 dose constant and modifying the Fe 2+ amount. When the literature regarding the H2O2/Fe 2+ ratios are investigated, it is seen that the values reported change range within a very wide interval. In certain studies [22] the H2O2/Fe 2+ ratio is equal to 0.09, while in some others [24] this value may rise to 287. The ratio of these two values is as high as 3190, which clearly shows that a suitable value for the H2O2/Fe 2+ ratio should be defined by means of optimization studies. By taking the added Fe 2+ ions and the amount of
• OH formed by H2O2 into account, the stoichiometric ratios to be used should be defined. The stoichiometric equation and ratio to be used for H2O2/Fe 2+ is given below:
When this equation is stoichiometrically investigated, it is seen that for 56 g of Fe
, 34 g of H2O2 is needed with a ratio of about 0.607. By also considering a 10% margin of safety for the addition of Fe 2+ , the new ratio can be defined as 0.552. An additon of Fe 2+ greater than the amount resulting in this ratio will bring about extra costs and also undesired chemical sludge at the end of the reaction. Therefore, lower ratios should not be used. It should be kept in mind that the proportional lower limit for Fe 2+ concentration corresponding to the upper limit of the ratio to use is 0.55. In this study, as can be seen also in Table 3 , the performance of the reaction was evaluated by using the lower amounts of Fe 2+ , such as the ratios equal to 1 and 2.
Another proportional expression that is representative for a Fenton process is COD/Fe
. As a matter of fact, these two parameters are not directly interrelated. This value is specified based on the H2O2 concentration. When the stoichiometric ratios are considered, the proportional values suggested to obtain a synergistic effect and less chemical use are as follows: The calculated ratios were obtained by considering 10% more than the maximum stoichiometric ratio. The minimum values, on the other hand, were defined as one tenth of the maximum value, specified considering the synergistic effect. Optimization work to be carried out between these values is thought to help define more appropriate operational condition, addressing higher efficiencies and lower chemical consumptions. The operational conditions specified in this study were optimized at each stage before passing to the next one, with the aim to increase the efficiency by using optimum values in the subsequent study-sets. The obtained results were discussed under different sub-titles in this section.
Effect of COD/H2O2 ratio
The most important parameter in a Fenton process is the hydrogen peroxide ratio. As the H2O2 amount increases, the oxidation capacity and efficiency also increase. However, the dose to apply should be suitable to the amount of organic contaminants in the water. Otherwise, less H2O2 than needed will reduce the efficiency level, while excessive H2O2 amounts will increase operational costs. Therefore, the optimization of H2O2 amount is of utmost importance in the Fenton oxidation process. The color and TOC reduction efficiencies obtained for different doses specified on the basis of stoichiometric ratios are given in Figure 1 . The studies were carried out with a pH value equal to 3.0, as an average of the interval 2-4. The H2O2/Fe 2+ ratio was taken as 0.55, which is the most suitable value from a stoichiometric perspective.
When Figure 1 is closely examined, it is seen that increasing COD/H2O2 ratios (or decreasing peroxide amounts) adversely affect efficiency, since lower peroxide amounts decrease the formation rate of the • OH radicals, and consequently lower the oxidation capacity of the process. Therefore, the highest efficiency level was obtained when COD/H2O2 ratio was equal to 0.5. When the COD/H2O2 ratio was taken as 0.5, the resulting TOC and color reduction values were 80.2 and 96.1%, respectively. Based on these results, 0.5 was accepted to be the optimum value for the COD/H2O2 ratio and used for the optimization of H2O2/Fe 2+ ratio in the next step.
Effect of H2O2/Fe 2+ ratio
In redox reactions, the Fe 2+ ratio that helps form
• OH is also as important as the H2O2 in the Fenton oxidation process. Similarly to the hydrogen peroxide dosing, the use of higher than necessary Fe 2+ doses will result in additional costs. Using an insufficient amount of Fe 2+ , on the other hand, will result in inefficiently completed redox reactions, which are needed for the formation of
• OH. Therefore, the Fe 2+ doses to add must be optimized for better results. To this end, a series of studies were carried out using H2O2/Fe 2+ doses, determined in compliance with stoichiometric ratios. The obtained results are given in Figure 2 . In these studies, the pH was 3.0, which is the average value for the 2-4 interval. The COD/H2O2 ratio, on the other hand, was 0.5, which was found to be the optimum value.
When 
Effect of pH on TOC and color removal
Like in all chemical reactions, for a Fenton oxidation process to be able to be carried out efficiently, there is a suitable pH interval. For a Fenton reaction, it is known that this interval corresponds to the acidic range (generally between 2.0 and 4.0) [33, 35] . An optimization study on pH level was carried out to further elaborate on this value between 2.0 and 4.0. The results obtained from this study are shown in Figure 3 . This optimization was carried out by taking H2O2/Fe 2+ and COD/H2O2 ratios as 1.0 and 0.5, respectively, which were found to be the optimum values in previous studies.
When the obtained results are investigated, it is seen that the highest efficiency levels are obtained with a pH value equal to 3.0, because maintaining the pH value constant at 3.0 (also at the previous optimization studies) increased the reliability of the results obtained from these optimization studies. Under these circumstances, the color and TOC reduction efficiencies were found to be 80.8 and 96.2%, respectively. The results indicated that both TOC and color removal levels were lower, compared to results obtained when the pH value was kept equal to 3.0. This could be due to the decrease in the synergistic effect of H2O2 and Fe 2+ [26] .
Effect of H2O2 dosing on TOC and color removal
• OH plays an active role in the reaction mechanism of the Fenton oxidation process as oxidant. For the formation of these radicals, the addition of H2O2 - in one go, or in different time periods during the reaction -is of great importance. For this aim, a series of studies have been conducted regarding different dosing types in photo-Fenton and solar photo-Fenton procedures [36] [37] . In classical Fenton studies, on the other hand, the addition of single-step H2O2 is generally preferred [38] [39] [40] . At this stage of the study, the effects of different H2O2 dosing on color and TOC reduction were attempted to be investigated. To this end, the single-step method was not preferred and the dosing of H2O2 addition was carried out in multiple steps ( The obtained results clearly showed that time--dependent dosing of H2O2 might help to obtain higher efficiency levels. It was seen that by carrying out dosing at an extended period of time, TOC reduction efficiency rose from 80.8 up to 88.9% for the same amount of dosing. Similarly, the color reduction efficiency also increased from 96.5 to 98.7% by time--dependent dosing of H2O2. The higher occurrence rate of the reactions by dosing is also reflected in the efficiency levels. An instantaneous dosing will play the role of the oxidation capacity of peroxide instead of turning all the peroxide into
• OH at one time. Therefore, it is apparent that the dosing of hydrogen peroxide for an extended period of time will considerably improve the reduction efficiency levels.
CONCLUSIONS
This study aimed to provide the synchronization between studies carried out on the operation conditions intrinsic to the Fenton process that is effectively used for strong organic compounds. When the stoichiometric ratios are not considered, the excessive use of chemicals results in not only additional costs, but also in the formation of undesired amounts of sludge. Similarly, the use of insufficient amounts of reactant results in low reduction efficiencies. Therefore, an evaluation of the most recent studies on the Fenton process in the relevant literature was made, and the need for such a study was demonstrated. From a dosing point of view, it was shown that an apparent increase in efficiency levels can be obtained in the Fenton processes. At the same time, synchronization in operational conditions can be provided and the efficiency of different studies carried out in this field can be compared to each other more easily. An equivalent reduction in efficiency levels can be obtained with lower chemical consumptions when the stoichiometric ratios are taken into consideration.
